Introduction
The most common methods to compute the dynamic response of structures subjected to wind include the gust load factor after Davenport (1967) , load response correlation (Kapersky 1992) , generalised gust factor (Piccardo and Solari 2000) , gust response factor (Zhou and Kareem 1992) , effective static load distribution (Holmes 2002) , the equivalent static wind load (Chen and Kareem 2004; Chen and Zhou 2007) and the universal equivalent static load (Tamura and Katsumura 2012) . These methods use load response correlation factors to obtain the mean and background dynamic response through a superposition of effects induced by equivalent (meaningful) static load configurations affected by peak factors. The structural dynamic response can also be obtained through numerical simulation techniques such as those described in Grigoriu (1998) , Gurley and Kareem (1998) , Deodatis and Micaletti (2001) and Rodriguez-Cuevas et al. (2006) , amongst others. These techniques use theoretical wind spectra as argument of stochastic functions that generate partially correlated data series which once fed into a numerical integration procedure gives synthetic dynamic response histories.
The use of design spectra for modal analysis is normally applied in Seismic Engineering where it is assumed that inertial forces induced by the horizontal accelerations acting at base of the structure are fully correlated. The corresponding set of coupled equations of motion for a multiple degree of freedom lumped-mass system is solved through an uncoupled set of modal equations and the design spectra is then applied to compute the contribution of each mode of vibration to the total response, see for example Chopra (1995) . In the case of wind loading, the forces distributed over the height of the structure are not fully correlated. However, the amount of energy imparted to the structural system can be estimated through suitable aerodynamic admittance functions to account for the lack of correlation of the wind gusts in relation to the size of the structure. The possibility of inferring wind response spectra using techniques that are analogous to those relevant to Seismic Engineering has been discussed in Solari (1989) . That investigation showed that, however the contrast between the nature of wind and earthquake load, it is possible to conceive a consistent set of equations to determine scenarios of generalised wind loading that facilitate the determination of peak structural responses. Although the determination of design spectra, i.e. charts containing pseudo spectral accelerations associated to a range of frequencies or periods of vibration, is not actually realised in Solari (1989) , these were visualised and the case was made. The present paper builds on such ideas and introduces a method to determine wind design spectra. This is done by assembling the dynamic response of a number of sdof oscillators with different mechanical and aerodynamical properties, not following the Equivalent Wind Spectrum Technique developed in Solari (1988 Solari ( , 1989 but maintaining cross-correlation functions similar to those proposed in Vickery (1970) and Tanaka and Lawen (1986a, b) , to describe cross spectral properties of wind gusts. The dynamic responses generated in that way are resolved in the frequency domain by applying a transfer function to the input signal. The ensemble response accelerations expressed as function of the fundamental period of the oscillators then constitute a design spectrum.
The spectral method is then tested a set of chimneys of different height as well as on the CAARC benchmark building whose structural response to wind load has been experimentally determined by a number of wind tunnel laboratories in the past (Melbourne 1980; Tanaka and Lawen 1986a, b) . In the present study, the chimneys and building are also subjected to a simulated wind field to provide further insight into their dynamic performance. It is shown that the spectral approach is consistent with the simulation and available experimental results. The similarities and differences of the results obtained are subject of discussions throughout the paper.
The paper is organised in the following way: section two introduces the design spectra. In section three the simulation method is described. Sections four and five discuss the modelling and corresponding results of the case studies whilst some final remarks are provided in section six.
The design spectrum method
In considering a point-like structure the wind force spectrum given by Eq. (1) can be used to define a spectrum of input acceleration as in Eq. (2), i.e. the acceleration imparted by wind to the structural system. In these equations, S F (n) represents the force spectrum, n is the gust frequency, q is a force factor, m is the mass excited by the wind, and S u (n) is the wind power spectrum. The force factor is given by q = qC D A (1 ? 2U)-where C D represents the drag coefficient, A q and U are the area exposed to wind, air density, and the average along-wind velocity component. The mathematical definition of the factor q is given in ''Appendix''.
The transfer function for a single mass-spring system under dynamic equilibrium, i.e. H (n) = r d (n)/F (n) (where F (n), d (n) represent the acting force and standard deviation of displacement associated to the frequency n, respectively), is defined by Eq. (3)-see Gould and AbuSitta (1980) . In this equation r represents the ratio n/n 0 where n 0 is the fundamental frequency of the structure, K represents the structural stiffness and n represents the fraction of critical damping defined as n = c/4 mpn 0 -being c the viscous damping. The transfer function J (n) = mr a (n)/F (n) relating input to response acceleration of a single oscillator can be expressed as in Eq. (4) whereas the validity of this equation is demonstrated in Eq. (5).
In Eq. (5a) the response acceleration is resolved on each harmonic of the domain r d (n) whilst the input acceleration induced by the wind flow is represented by the term F/m. Figure 1 shows the shape of the function J(n) for different levels of damping. The aerodynamic admittance as quoted in Dyrbye and Hansen (1997) is given in Eq. (6). That function accounts for the partial correlation of the wind field acting over the surface of the structure. The mean square response acceleration (r 2 a ) of a point-like structure can be estimated by combining Eqs. (2), (4) and (6), as in Eq. (7).
For mdof structures, Eq. (7) can be expressed in its generalised form in terms of the background and resonant components as in Eq. (8) and (9). In these equations, S cu (n) and S Aij (n) are the power spectral density of the generalised input acceleration and corresponding cross power spectrum. The cross power spectrum of input acceleration given in Eq. (8a) has been normalised by the square of the area of the structure (A) that is exposed to the wind, whereas w (z) accounts for the variation of turbulence with height. The horizontal and vertical distances between the points i, j located at coordinates {y i , z i } and {y j , z j } are denoted by D y and D z , respectively, U(z) stands for the modal ordinate at the height z and C k represent the k-direction decay constant.
The generalised formulation accepts Figure 2 shows the spectrum of generalised input acceleration for a range of building dimensions determined by the width (W) and shape factor (S), and average velocity U, for a fraction of critical damping of 2.5%. In this case, W is the width of the area of the structure facing the wind flow, whereas S represents the ratio between the height of the structure and its width. The spectra shown in these figures were calculated by assuming a roughness length (z 0 ) of 0.3 m, turbulence intensity (I) of 0.295, gradient height (H g ) of 390 m, characteristic structural density (q s ) of 384 kg m , damping (n) and aspect ratio (S) of 0.025 and 10, respectively.
It can be seen in Fig. 2 that the amount of energy input to the structure decreases at a slower rate along the frequency axis as the wind speed increases. It is also evident that the decay of gusts' correlation with the distance (e.g. width) whereas for the range of wind speeds studied (5-50 ms -1 ) the generalised input acceleration associated to gust components that occur at frequencies above 1 Hz is rather small. This seems consistent with the distribution of energy content that is reflected in the wind power spectrum.
In Eq. (8c) and Eq. (9), the terms r 2 a;b and r 2 a;r stand for the mean square background and resonant component of the response, respectively. The background component takes into account all frequencies of excitation excluding the resonant component (n 0 )-noting that Eq. (8c) can be integrated over a range of frequencies n \ n 0 by assuming that higher order frequencies will have a minimum contribution to the total response (Simiu and Scanlan 1996) . It follows that the ensemble values of r a;b and r a;r , i.e. the rms of Eq. (8) and (9), for a group of equivalent sdof systems with fundamental period (T 0 ) define the response spectra S a -b (T 0 ) and S a-r (T 0 ). Figures 3 and 4 show examples of response spectra for the background and Figures 3 and 4 show that the response acceleration increases with T 0 , which would be the result of the gradual increase of the input acceleration as the fundamental frequency of the oscillator moves towards the low frequency range. It can also be seen that the resonant response component is more sensitive to the fundamental period of the oscillator than the background component. The ratio between S a,r (T 0 = 10 s; n 0 = 0.1 Hz) and S a,r (T 0 = 1 s; n 0 = 1 Hz) is of 7.05 and 3.06 when U = 5 and U = 50 ms -1 , respectively. This is about 6.5 and 2 times higher than the same parameter calculated for the background response component.
The influence of the aspect ratio (S) on the total response is shown on Fig. 6 whilst the effect of damping is presented in Fig. 7 . Data in Fig. 6 correspond to an average wind velocity of 25 ms -1 , damping of 2.5%, and width of 10 m whilst data in Fig. 7 covers the particular case in which S = 1, U = 15 ms -1 and W = 15 m. The rest of parameters remained as before. Figure 6 shows that the shape factor has an important impact on the design spectra. The increase of the ordinates of the response spectra for S = 10 with respect to S = 1 (this term referred to as S 10 /S 1 ) is of about 63% for a reference period T 0 of 5 s. The impact of the shape factor to the response spectra has been found to be highly sensitive to U and W. For instance, by changing U whilst keeping constant W (10 m) ratio S 10 /S 1 fluctuates between 40 and 80%. Conversely by changing W whilst keeping constant U (25 ms -1 ), the ratio S 10 /S 1 fluctuates between 70 and 250%. The little correlation found between damping and background response is also noticeable. The ratio between the ordinates of the background response for T 0 = 10 s and T 0 = 0.1 s is 1.26 for n = 0.025 and 1.03 for n = 0.2, whereas the equivalent measurement for the resonance component is *11.4 regardless of the damping level. Note that by varying the rest of controlling parameters, i.e. U, S and W, the ratio remains fairly constant for the background but not for the resonant response component. Based on this, it can be said that the resonant response is highly dependent on damping although the same cannot be said of the background component which is weakly correlated to that parameter-yet some dependence is predicted by Eq. (3). Therefore, the spectral variation with damping shown in Fig. 7 is basically caused by resonant effects. , and W = 10 m-total response
Simulated wind field
Synthetic wind fields to determine the instantaneous variation of structural displacements of the chimneys and building were produced. The time series analyses were used to compare results against those calculated through the spectral approach for all structures, and against experimental results in the case of the CAARC building. The wind field simulation is based on the algorithm suggested by Vanmarcke et al. (1993) which consists of inferring correlated data series in a number of target points across a region bounded by a number of stations in which the characteristics of the random signal are known. This process is based on the best estimator of Fourier coefficients that can be used to reconstruct power spectra at the target locations which are consistent with realistic correlation laws such as those described by Dyrbye and Hansen (1997) and Simiu and Scanlan (1996) . The effectiveness of the method has been reported by a number of authors in the past, see for instance Gurley and Kareem (1998) , MartinezVazquez and Rodriguez-Cuevas (2007a, b) , MartinezVazquez and Sterling (2011) . Therefore, a brief explanation of the method together with some statistics of simulation results is provided below.
The simulation consisted of generating two uncorrelated time series that represent the wind regime of a suburb at heights of 10 and 250 m above the ground, using Monte Carlo techniques. These time series were taken as recorded data in the algorithm discussed in Vanmarcke et al. (1993) from where partially correlated series at intermediate points could be inferred. The target turbulence intensity at z = 10 m was 0.295 and *0.2 for the towers and CAARC building, respectively. The former being a standard value for suburban area whilst the latter was the value used in the experimental work reported in Melbourne (1980) and in Tanaka and Lawen (1986a, b) . Table 1 shows the statistics of the simulated series (case study 1: circular towers) located along the height of 250 for when the wind velocity at 10 m above the ground (U 10 ) is 33 ms -1 .
In Table 1 , U and r 2 represent mean and variance of the series in ms -1 and m 2 s -2 whereas the subscripts represent target (t) and simulated (s) values, respectively. The mean square error between target and simulated values are of 4.7% for the mean velocity and 0. 9% for the variance. The target and simulated cross-correlation amongst time series is shown in Tables 2 and 3 .
The mean square error of the correlation parameter is of 1.135% across all stations. This was considered acceptable and representative of wind events in suburban areas. A comparison between the simulated and theoretical wind power spectrum in the low frequency range is shown in Fig. 8 for the position z = 10 m above the ground level.
The simulated power spectrum represents a single realisation and thus the spectral density fluctuates around the Von Karman spectrum. In Martinez-Vazquez and Rodriguez-Cuevas (2007a, b) and Martinez-Vazquez and Sterling (2011) , it is demonstrated that, by increasing the number of realisations, the ensemble of simulated spectral ordinates tends to theoretical values. For the purpose of the present study, the single realisation of the synthetic fields are considered to be appropriate.
Case study 1: circular chimneys Model description
The selected structures are three prismatic chimneys of 250, 150 and 75 m tall. These are fixed at the base and have walls of constant thickness. The material is steel with Young's modulus of 200 9 10 3 Nm -2 , Poisson's ratio of 0.3 and density of 7850 kg m -3 . The steel towers were modelled using computer software which enables time series and spectral analysis to be realised. The natural frequency analysis reports fundamental periods of vibration (T 0 ) of 4.21 s (n 0 = 0.237 Hz), 2.28 s (n 0 = 0.439 Hz), and 1.14 s (n 0 = 0.875 Hz) for the tower of H = 250 m, H = 150, m, and H = 75 m, respectively. These plus nine other frequencies are listed in Table 4 together with some geometrical properties of the towers such as diameter (D t ), walls thickness (t w ) and volumetric mass (m v ).
The design spectra presented in ''The design spectrum method'' section cover the interval of fundamental period of 0.1 s B T 0 B 10 s which implies a cut off frequency of 10 Hz. Thus, for the analysis of the towers spectral ordinates up to until 100 Hz were estimated to account for at least vibrational 10 modes.
Dynamic response
The static forces induced by wind were calculated using Eq. (10). The reference height (z r ) was taken as of 10 m whilst a value of a = 0.22 was used to represent the wind profile in suburban area. Static forces and displacements calculated at the top of the structures (D top ) are given in Table 5 .
The displacements obtained through the time series and spectral analyses are presented in Table 6 . These are the rms and peak dynamic response. In the context of the GLF, the peak dynamic response is expressed in terms of the mean (D) and rms (r r ) response components as in Eq. (11)-see Davenport (1967), Zhou and Kareem (1992) , Chen and Kareem (2004) and Chen and Zhou (2007) .
From the time series analysis, values of gust response factor (g r ) were inferred. These are 2.22, 2.31, and 2.82 for the towers of height H = 250 m, H = 150, m, and H = 75 m, respectively. This enabled to calculate the peak dynamic response values shown in Table 6 .
The peak dynamic displacements shown in Table 6 correspond to the top of the structure. The spectral analysis deviates from the time series method as follows: *4% (underestimate), 5.9% (overestimate), and *20% (underestimate), for the tall, medium, and low-rise tower, respectively. The difference of displacement in the 75 m tall tower derives from the dynamic response. According to Table 6 , the displacement at the top of the tower obtained via spectral method differs in about 0.029 m with respect to the time series analysis. The equivalent difference for the tall tower is 0.1 m, i.e. the two quantities representing a rate of variation *0.04% along the height of the respective structure. Case study 2: caarc building
Model description
The benchmark building was developed by the Common Wealth Advisory Aeronautical Research Council in 1969 (Melbourne 1980) . Its primary purpose was the comparison of wind tunnel studies which could generate a reference point of standardisation in experimental modelling. The main characteristics of the building include plan dimension of 30.48 9 45.72 m and height of 183.88 m as shown in Fig. 9 . The natural frequency of the model is 0.2 Hz along the v and w axes, the fraction of critical damping equals 0.01, and the volumetric mass is 160 kg m -3 . In the year 1975, aeroelastic models of the CAARC building were experimentally tested in five different laboratories (Melbourne 1980; Tanaka and Lawen 1986a, b) . The turbulence intensity used for the wind tunnels measured at the top of the building fluctuated around 0.1 whilst the same parameter measured at z = 10 m (full scale equivalent) was *0.2. It was assumed that the power-law exponent of such boundary layer could be *0.28-see Melbourne (1980) , Tanaka and Lawen (1986a, b) .
Dynamic response
Following the experimental work, the building's response is assumed to be totally based on the fundamental mode of vibration. The dynamic analysis was resolved using generalised properties of the building and numerical methods that are valid for sdof systems. The generalised force (F * ) and mass (M * ) were calculated with Eq. (12), where Ç (z)
represents force or mass per unit length and / is the fundamental modal shape which was approximated by / (z) = (z/H) b -with b = 1.5. The generalised stiffness was obtained with
The static displacement was derived from the relationship D = F * /K * whereas the dynamic response was estimated via numerical integration of Eq. (14), which gives the solution to Eq. (13). The latter representing the dynamic equilibrium of one underdamped sdof oscillator subjected to random load. The numerical integration is done over each time step Dt where the initial and end forces, p i and p i?1 , define the gradient s. The natural and damped frequencies are x n and x D , where
In addition to the static and numerical integration methods, the spectral analysis was completed using Eq. (15) excited masses and S a is the spectral acceleration associated to the fundamental period (T 0 ).
The spectral analysis was done for volumetric mass of 160 kg m -3 and wind velocities covering the range 5 B U 10 B 25 ms -1 ,i.e. similar range of velocities than the experimental tests presented in Melbourne (1980) and Tanaka and Lawen (1986a) . Table 7 shows the spectral ordinates (S a ) associated to the natural frequency of the structure.
The spectral accelerations are different for the v and w directions since the value of generalised mass per unit height of the building depends on the width, e.g. the narrower the width of the building that faces the stream of wind the higher the mass per unit length that needs to be considered to work out the integration over the area as in Eq. (8).
The overall results of the static and dynamic analyses are shown in Table 8 where only displacements at the top of the building are presented. That is the only location at which experimental measurements were taken. The displacements corresponding to experimental tests (Exp.) shown in Table 8 were calculated with Eq. (16) below which is mapped from Melbourne (1980) . In this equation, r k and D k are the rms of displacement and width of the building for when the wind flows along the k-direction.
It can be seen in Table 8 that static displacements (D) calculated using the generalised approach are in good agreement with the experimental data. The dynamic (rms) response estimated via numerical integration and design spectra showed some larger variation when compared with experimental results. Although according to Melbourne (1980) , Eq. (16) does not represent the best fit of experimental data in a mathematical sense and it does ignore the influence of some measurements that deviate from the rest, therefore it can only be used as a reference value. From this perspective it seems more convenient to compare the analytical results directly with experimental measurements as in Fig. 10 .
The experimental data in Fig. 10 are reproduced from values published in Melbourne (1980) . This figure shows that whilst fluctuations with respect to Eq. (16) occur, the results obtained through numerical integration and design spectra are consistent with the experimental measurements. This is demonstrated in Table 9 where the mean divergence with respect to Eq. (16) is presented for all sets of results.
In Table 9 , it can be seen that static (analytical) displacements are very close to Eq. (16) in all cases. The displacements in the v-direction calculated with the spectral method vary less with respect to Eq. (16) than those provided by experimental testing from Western (The University of Western Ontario), NAE (a) (National Aeronautical Establishment in Canada), and Monash (Monash University in Australia). The difference when U 10 = 5 ms -1 was found to be 0.0035 m, whilst for when U 10 = 25 ms -1 the corresponding difference was of 0.0272 m. For the w-direction, the spectral approach deviates at a lower rate from Eq. (16) than the testing undertaken at Western, NAE (a) and NAE (b). In this case, the differences when U 10 = 5 ms -1 was found to be of 0.0027 m, whilst when U 10 = 25 ms -1 the difference was of 0.0238 m. The results from the numerical integration were compared to Eq. (16) as follows. The difference in the v-direction when U 10 = 5 ms -1 was 0.0041 m and 0.0691 m when U 10 = 25 ms -1 . For the w-direction, the differences were 0.0021 when U 10 = 5 ms -1 and 0.0305 m when U 10 = 25 ms -1 . According to this, the results obtained with the spectral approach provide closer results to the reference Eq. (16) than those calculated via numerical integration and in general these results fall within the range of accuracy observed in the experimental data.
Final discussion
The present investigation introduces design spectra to determine wind dynamic effects on regular prismatic structures and highlights the possibility of considering these in engineering practice. The rationale for the method is being drawn from previous research and seems compatible with simulation and experimental methods. It has been observed that background turbulence is weakly correlated with variations of spectral response along an axis representing natural vibration period (T 0 ) and therefore the variation of spectral ordinates with T 0 is mainly due to ig. 10 Comparison of analytical results and experimental data discussed in Melbourne (1980) experimental data from where it becomes evident that the idea of having a single set of true values for determining the structural response is impractical. However, the level of dispersion of results presented throughout the paper suggests that design spectra can be an alternative to existing methods for estimating the dynamic response of systems with various degrees of freedom.
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